Abstract: Understanding the factors that affect the process of metamorphosis in species with complex life cycles, and in particular their variation within and among populations, has been rarely explored until recently. We examined the effects of temperature environment on several metamorphic characteristics in three populations of the pool frog (Rana lessonae Camerano, 1882) by rearing individuals at two temperature environments (20 and 25 8C). Higher temperature shortened the metamorphic period and reduced the absolute mass loss, although there was no difference between the temperatures in the percentage of mass lost. No differences among the populations were detected, but there was significant intrapopulation variation both in the mean and in the plasticity for the duration of metamorphosis. These results indicate that several aspects of metamorphosis are plastic in amphibians, these traits may have considerable intrapopulation variation, and that temperature is a strong factor affecting the process of metamorphosis.
Introduction
Many animal species have complex life cycles, characterized by discrete life stages connected by metamorphosis involving abrupt changes in the physiology, morphology, and behaviour of the organisms (Wilbur 1980; Moran 1994) . Many studies on species with complex life cycles have examined the effects environmental conditions experienced at earlier life stages have on the later stages. For example, variation in temperature, predation, or food abundance during the larval stage can affect growth, reproductive output, and survival during later life stages in both invertebrates and vertebrates (e.g., Van Buskirk and Saxer 2001; Orizaola and Braña 2005; Giménez 2006; Pechenik 2006 ). However, despite its crucial role in the life cycle, little attention has been paid to the process of metamorphosis itself. Only a few studies have investigated factors that may influence the duration and other characteristics of the process. For example, changes in temperature during the metamorphic period can modify the duration of the process and the morphology of later stages (Nilssen 1997; Chakir et al. 2002; Downie et al. 2004; Stevens 2004; Walsh et al. 2008a Walsh et al. , 2008b , whereas predator presence could reduce the duration of the metamorphic climax (Walsh et al. 2008c) .
Temperature is one of the most important environmental factors affecting growth and development in ectotherms. In general, individuals exposed to higher temperatures develop faster but attain a smaller size than individuals reared at low temperatures (Atkinson 1994; Angilletta et al. 2004) . In ectotherms with complex life cycles, temperature experienced during a specific stage of the life cycle can affect the physiology and development of an individual and can have a strong effect on later performance (Semlitsch et al. 1988; Chakir et al. 2002; Altwegg and Reyer 2003; Stevens 2004; Giménez 2006; Nicieza et al. 2006) . Only a few studies have examined the intraspecific variation of the effect that different temperature environments experienced early in the life cycle could have on later stages. For example, in amphibians, locomotory capacity and juvenile morphology may vary among individuals and populations exposed to different temperatures during the larval stage (Orizaola and Laurila 2009a ). However, the intraspecific variation of tem-perature effects on the metamorphic process remains unexplored, both within and among populations.
Amphibians provide an excellent study system to investigate the effects of temperature conditions on the duration and characteristics of the metamorphic process. A typical amphibian life cycle includes embryonic and larval stages developing in the aquatic environment, which during metamorphosis develop into terrestrial juveniles that mature into adults after a period of terrestrial growth (Wilbur 1980) . Genetic and plastic variation in life history (e.g., growth and development) is common in amphibians, even at the microgeographic scale (Laugen et al. 2003; Skelly 2004; Lindgren and Laurila 2005; Laurila 2009a, 2009b) . However, although the timing and conditions of the metamorphosis can have a strong effect on the growth, survival, and reproduction of the terrestrial stages (Semlitsch et al. 1988; Altwegg and Reyer 2003) , intraspecific variation in temperature effects during the process of metamorphosis has been overlooked. Maintaining some degree of variation in life-history traits is essential for adapting to changes of environmental conditions in the future. Metamorphosis is a risky stage during which individuals experience increased predation risk owing to the reduction in locomotion capacities (Wassersug and Sperry 1977; Arnold and Wassersug 1978) , as well as a loss of body condition owing to metamorphosing individuals not feeding as a result of readjustments in their digestive system (Downie et al. 2004) . Nevertheless, despite the view of amphibian metamorphosis as an invariable life-history stage (Rose 2005) , several recent studies have reported high variation in metamorphosis characteristics as a function of temperature and predation environments (Downie et al. 2004; Walsh et al. 2008a Walsh et al. , 2008b Walsh et al. , 2008c .
In this study we investigate the intraspecific variation in temperature effects during and after the metamorphic climax, determined as the time between the emergence of forelimbs (Gosner stage 42) and complete tail reabsorption (Gosner stage 46; Gosner 1960) , in the pool frog (Rana lessonae Camerano, 1882). The study was conducted at two hierarchical levels: (1) by examining population differences within the Swedish R. lessonae metapopulation and (2) by examining family differences within the populations. Under the assumptions that general ectotherm development is strongly mediated by temperature (Atkinson 1994) , and that within-and among-population variation has been detected in larval growth and development for these populations (Orizaola and Laurila 2009b), we predicted that individuals exposed to lower temperature will metamorphose at slower rate, and that differences in metamorphosis rate will appear both at population and family levels.
Materials and methods
Rana lessonae lives in much of Central Europe and maintains isolated populations in southern Norway and central Sweden (Zeisset and Beebee 2001; Snell et al. 2005) . Rana lessonae is one of the most warmth-dependent amphibians in Europe (Sinsch 1984; Sjögren et al. 1988 ). In high latitudes, the larvae have to metamorphose in late summer before water temperature falls below levels that prevent further development, as they cannot overwinter in the ponds (Sjögren et al. 1988) . In this study we used frogs from the Swedish R. lessonae metapopulation, situated at the northern fringe of the species' distribution (Sjögren et al. 1988; Zeisset and Beebee 2001) , and consequently exposed to strong developmental constraints (i.e., shorter larval growing season).
Eggs from freshly laid clumps were collected in the spring of 2005 in three localities situated within a range of about 5 km in east-central Sweden (Tierp municipality): 15 clumps in Björkfjärden (60829'N, 1880'E; henceforth BJ), 10 clumps in Klungsten (60832'N, 1881'E; henceforth KL), and 12 clumps in Klungsten Hamn (60832'N, 1881'E; henceforth KLH) (see Orizaola and Laurila 2009b) . Eggs were brought to the laboratory in Uppsala, and when most of the larvae reached Gosner stage 25 (complete absorption of gills and active feeding; Gosner 1960), we randomly chose 16 larvae from each family and placed them into individual 1 L plastic containers, 8 larvae in each of the two experimental temperatures of 20 8C (low temperature) and 25 8C (high temperature). The experiment was conducted in a constant temperature room, which served as the low temperature treatment (water temperature (mean ± SE) in the vials throughout the larval period was 20.31 ± 0.02 8C). Waterbath systems filled with water up to 6 cm in depth, in which heating units kept the selected temperature level, were arranged for the high temperature treatment (water temperature (mean ± SE) in the vials throughout the larval period was 25.38 ± 0.03 8C). Temperatures are within the normal range experienced by the species in natural ponds (water temperature range in the localities in June-August 2007: 10.4-27.8 8C; Orizaola and Laurila 2009b). Each temperature treatment was subdivided in several blocks to account for variation owing to temperature gradients within the room (eight blocks) and within the water baths (six blocks), and at least one individual of each family was present in each block. Photoperiod during the experiment was set to 18 h light : 6 h dark, corresponding with the conditions in the field at that time.
When the tadpoles approached metamorphosis, the vials were checked daily and metamorphosed individuals (emergence of forelegs; Gosner 1960) were removed and weighed to the nearest 0.1 mg with a digital balance, after blotting them in paper towel to remove extra water. A dorsal image of every metamorph was taken with a digital camera and tail length was then measured from the digital images. The metamorphs were returned to the experiment until they had completed tail reabsorption (Gosner stage 46). The vials were filled only to a depth of ca. 0.5 cm to avoid drowning the metamorphs, and a small stone was provided for resting. At complete tail reabsorption, individuals were weighed again to estimate mass loss during the metamorphic period. Metamorphic period was defined as the number of days elapsed between Gosner stages 42 and 46.
We used a nested block design, where the terms population and temperature treatment were considered to be fixed effects, and the effects of family (nested within the population) and experimental block (nested within the temperature treatment) were considered to be random effects. Interactions between fixed and random effects were considered to be random effects. Population was considered to be a fixed factor, as they were selected based on a previous study to represent the range of variation in thermal conditions experienced by the species in the area (G. Orizaola and A. Laurila, unpublished data) . Linear mixed models with restricted maximum likelihood (REML) estimation procedures and type III sum of squares were used to examine the effect of the different factors on metamorphic characteristics (metamorphic period and mass loss between Gosner stages 42 and 46) using SPSS release 16.0.2 (SPSS Inc. 2008) . Mass loss during the metamorphic period was analysed using both absolute (total difference in mass) and relative values (percentage of mass loss), as it may depend on body size. Relative mass loss data were arcsine square-root transformed before the analyses. Since the family terms were nonestimable in the mixed-model analyses (Table 1) , we used general linear models (GLMs) to estimate family differences, as well as the family Â temperature interaction, on the duration of the metamorphic period and the percentage of mass loss within the single populations. Families for which less than three individuals survived through metamorphosis were excluded from the analyses (one family for KL and four families in KLH). Phenotypic correlations between tail length and metamorphic period, as well as tail length and mass loss (in absolute and relative terms), were estimated as Pearson's product-moment correlations. Deviation from normality was tested with Shapiro-Wilk tests. The significance level was set at a = 0.05 for all tests.
Results
The duration of the metamorphic period (time between Gosner stages 42 and 46) was influenced by temperature treatment, but did not differ among the populations (Table 1, Fig. 1a) . Metamorphic period was, on average, 40% shorter at high temperature than at low temperature (Fig. 1a) . Absolute mass loss during the metamorphic period differed between temperature treatments and populations (Table 1, Fig. 1b) . The significant population Â temperature interaction revealed that populations differed in the way they lose mass (in absolute terms) during metamorphosis as a function of temperature, the differences among populations being higher at low temperature (20 8C: range = 0.52-0.64 g, CV among families = 10.69%; 25 8C: range = 0.40-0.45 g, CV among families = 5.60%; Fig. 1b ). When mass loss was analysed in relative terms, using the percentage of mass lost during the metamorphic period, no differences among the populations or temperatures were detected (Table 1, Fig. 1c ). Relative mass loss during the metamorphic period was remarkably similar among the populations and temperature treatments (40.38% ± 0.55%; Fig. 1c) .
Family main effects were nonestimable in the mixedmodel analyses (Table 1) , and we therefore analysed family effects within populations for the duration of metamorphosis and the relative mass loss. Family differences were significant within BJ and KLH populations for the duration of the metamorphic period (GLM tests; P < 0.032 in both cases), and the family Â temperature interaction was also significant in both cases (P < 0.003), indicating that different families responded in a different way to the environmental temperature variation (Fig. 2a) . No differences were found for KL (F [1,8] = 1.292, P = 0.269), despite showing a similar trend than the other populations, which may be due to the Orizaola and Laurilasmaller sample size in this population. No family differences were detected for the percentage of mass loss (P > 0.269 in all cases; Fig. 2b ), whereas family Â temperature interaction was significant for BJ (F [1, 14] = 2.068, P = 0.017). Individuals metamorphosing with longer tails had a longer metamorphic period (overall data: r Pearson = 0.35, P < 0.001, n = 346), but when controlling for mass at metamorphosis this relationship was reversed (partial correlation: r Pearson = -0.104, P = 0.050). Overall, tail length at Gosner stage 42 was positively correlated with mass loss such that individuals with longer tails were losing more mass during the metamorphic period, both in absolute (absolute mass loss: r Pearson = 0.689, P < 0.001. n = 346) and in relative (percentage of mass loss: r Pearson = 0.208, P < 0.001, n = 346) terms. This relationship was positive and significant also within populations, except when considering relative mass loss at the low temperature (Tukey's tests; P > 0.244 for mass loss at the low temperature and P < 0.037 in other cases). 
Discussion
We found a clear effect of temperature on the duration of the metamorphic period, as well as on the absolute mass loss in R. lessonae metamorphs, i.e., metamorphosis taking longer and mass loss being higher at low temperature. These results are in accordance with previous studies in other amphibians (Downie et al. 2004; Walsh et al. 2008a Walsh et al. , 2008b and are opposite of the view that amphibian metamorphosis is a fixed life-history stage (Rose 2005) . This study also provides the first assessment of the among-and within-population variation on the metamorphic process in amphibians.
We found significant variation among the families within two of the breeding ponds in the duration of the metamorphic period, but not in the percentage of mass lost. For example, the duration of the metamorphic period at low temperature differed more than 4 days among families within the three populations. For the duration of the metamorphic period, we found significant variation both in the elevation and slope of the temperature reaction norms, the latter indicating significant genotype Â environment interactions. Although we cannot exclude the role of maternal effects (Räsänen and Kruuk 2007) , these results suggest genetic variation for these traits, and consequently, the pos- sibility for these traits to evolve in response to changes in environmental conditions. To our knowledge, this is the first time that significant intrapopulation variation in metamorphic duration is reported for amphibians.
In the light of significant among-family variation, the absence of population differentiation in the duration of the metamorphic period is somewhat surprising and contrasts with the strong differentiation in larval life-history traits found among the present populations (Orizaola and Laurila 2009b) . Indeed, in the present study, only absolute mass loss was different among populations, with BJ larvae losing less mass than other populations. This reflects the smaller body mass of BJ larvae at metamorphic climax (Orizaola and Laurila 2009b) . Because the metamorphic period is a highly vulnerable stage for amphibians, uniform selection across the ponds, most likely acting to reduce the metamorphic period, may have contributed to the lack of differentiation among the populations. Larval stage, in contrast, can be considered to be a more flexible period, allowing the larvae to adapt to the feeding and growth conditions experienced in local breeding ponds.
The process of metamorphosis, defined as the time metamorphs expend reabsorbing the tail, is essential for adapting the morphology to the terrestrial environment (Wilbur and Collins 1973; Werner 1986 ). This process took longer at the low temperature. Longer duration of tail reabsorption may expose the metamorphs to increased predation risk, because juvenile mobility is strongly compromised at this stage (Wassersug and Sperry 1977; Arnold and Wassersug 1978) . Quick metamorphosis at the high temperature means shorter time spent at this vulnerable intermediate stage and adds an additional beneficial factor to high environmental temperature during metamorphosis. In a previous study, Downie et al. (2004) described the relationship between the duration of the metamorphic period and the mass at metamorphosis for several amphibian species, not detecting any significant trend but quite similar values among most of the 13 species they examined. Our data for R. lessonae fits relatively well among these observations when examined at high temperature, but extends well over those values when examined at low temperatures. Downie et al. (2004) used experimental temperatures similar to those experienced by the species in nature. Therefore, the discrepancy of our results for low temperature could reflect that a temperature of 20 8C may be below the optimal temperature for the metamorphic process in R. lessonae. In support of this, mortality during the metamorphic period was higher at the low temperature (Orizaola and Laurila 2009b), likely reflecting the strong dependence on high temperatures in R. lessonae (Sinsch 1984) .
Amphibians lose body mass during metamorphosis mainly because of tissue dehydration (Hensley 1993; Park et al. 2003) . Mass loss during this process could be important because juvenile size is correlated with survival, as well as starvation and desiccation resistances (Tracy et al. 1993; Beck and Congdon 1999; Semlitsch et al. 1999) . In agreement with previous experiments in other amphibians (Á lvarez and Nicieza 2002) , the absolute mass loss during tail reabsorption in R. lessonae was higher at low temperature. However, when the relative values of mass loss are considered, no differences were found between the treatments. Overall, juveniles lost ca. 40% of their mass during the process of tail reabsorption, a value similar to that found in other amphibians (Á lvarez and Nicieza 2002; Downie et al. 2004) . The lack of differences between the treatments and the relatively similar values of mass loss across different amphibian species (30%-40% mass loss, with the exception of the African clawed frog (Xenopus laevis (Daudin, 1802)); Downie et al. 2004; Walsh et al. 2008b) suggests that this is a conservative trait, and perhaps under a general developmental constraint. This constraint, most likely influenced by the demands of the terrestrial environment (e.g., feeding, locomotion, respiration), could canalize the juvenile body mass in relation to the mass at the aquatic stage across species.
We found a positive relationship between metamorphic duration and tail length, suggesting that tail size constrains the duration of the metamorphic period (Downie et al. 2004) . When tail length was considered in absolute values, individuals starting metamorphosis with longer tails expended more time reabsorbing the tail, indicating that the larger amount of tissue takes longer time to be converted. However, this relationship reversed when we controlled for mass at metamorphosis, suggesting that the transformation of tail tissues is a faster process than the reconversion of body tissues. Tail length was also positively correlated with both absolute and relative mass loss, suggesting that the conversion of tissue from the tail to other body parts during the metamorphic process does not counterbalance the loss of tail mass. This relationship was significant also within populations, except for the percentage of mass lost at low temperature, likely because of the smaller sample size owing to high mortality at the low temperature (for details see Orizaola and Laurila 2009b) (the power (b) for r Pearson = 0.86; the highest significant correlation value found for this trait at high temperature was, on average, 0.12 at low temperature).
In summary, we found that temperature affected the duration of and mass loss during amphibian metamorphosis, with higher temperatures shortening the process and leading to a smaller mass loss. There were basically no differences among the populations on the metamorphic traits. However, significant intrapopulation variation was found for the duration of the metamorphic period, which suggest the possibility for this trait to evolve if environmental conditions change.
